With automated driving advancing, first production models started to incorporate the technology. However, until full autonomy is achieved, drivers always need to stay available to take over control from the car. This requirement has proven challenging: increased levels of automation reduce drivers' situational awareness and driving performance can suffer, especially in the critical moments after take-over. While manualdriving research introduced strategies to direct drivers' attention back to the road, notably interruptions of the non-driving task, the efficacy of these interventions on automated driving remain unclear. To investigate this, 53 participants drove in an automated simulator while performing tasks on an IVIS. With task interruptions, they reported increased situational awareness and showed improved reaction times during take-over, particularly for low-effort tasks (watching movies). Different to manual driving, halting tasks did not suffice; instead, we displayed the driving scene. Results question effects of situational awareness on take-over and offer solutions for manufacturers.
Introduction
More than ten years after the first iterations of the DARPA Grand Challenge were completed [7] , full, level-5 driving autonomy [17] remains elusive for the general public. Over the last few years, several manufacturers delivered level-2 models, which recently also became available in the more affordable sub-$40,000 segments [12] . The first level-3 models are about to be released. These two levels are considered the most critical ones in driving automation, as the car can already take over all operational aspects, like steering, braking and accelerating, but the driver still needs to be able to take over control at any time.
The car triggers a take-over request (TOR) to transfer control to the driver in situations that exceed the limits of the automation (e.g., in [6, 14] ). For instance, this could be due to a required tactical decision, like diverging roads, or due to unsupported conditions, like missing lane markings or adverse weather [6, 35] . The time until the automation suspends varies based on the situation but is usually considered between 4 and 8 seconds [5] . The TOR signal frequently comes in visual and auditory form [37] , but may also be haptic [30] . To take over control, drivers usually only need to interact with the steering wheel or foot pedals.
Several studies indicate, however, that especially in the critical moments after take-over, the driver's performance is diminished [23, 33] . Issues range from operational shortcomings, like delayed reactions for braking or steering, high variability in driving speed, and increased steering angles, to tactical errors, such as changes to the wrong lane. Drivers' situational awareness seems affected as well [23] . This issue constitutes common problems of automation, not restricted to the automotive domain, in which operators are out of practice due to the lack of motor control; and their information consumption switches from active to passive [11] . Additional, new distractions, e.g., information systems, further amplify the effect.
In this work, we aim to improve situational awareness and driving performance immediately after take-over by modulating a common distractor in the car. Assuming that people will spend much time with non-driving related information consumption and similar tasks, we focus our efforts on in-vehicle information systems (IVIS). As manual driving research has already proposed several suggestions on how to direct the driver back to the road, we will investigate the applicability of one of them to automated driving, namely interruptions of IVIS usage [8] . Based on this, we introduce two different treatments: interruptions of the IVIS with a blank screen, and interruptions with the driving scene. We investigate the effect of these treatments on two types of tasks: passive, low-effort tasks, and active, cognitively demanding tasks, as previous research points to different effects (e.g., [19] ). With this setup, we performed a high-fidelity driving simulator experiment with 53 participants.
We hypothesize that both types of interruptions will have a positive effect on driving performance and situational awareness, with a more pronounced effect for interruptions with the driving scene. We also expect some effect from blank-screen interruptions, as they may prompt subjects to look up to the road again. Task performance should not be affected, as we keep interruptions short.
• H1 Reaction Time: Interruptions will significantly decrease the driver's reaction time to take-over requests, especially when interruptions are augmented with the current driving scene. • H2 Situational Awareness: Interruptions will significantly increase the driver's situational awareness of the driving situation, especially when interruptions are augmented with the current driving scene. • H3 Task Performance: Interruptions will not significantly influence the driver's task performance and sentiment about task execution.
With this research, we contribute to theory and practice. We extend the body of literature regarding the connection of situational awareness and driving performance after take-over. For manufacturers, our study offers a practical solution that increases road safety. The remainder of this paper structures as follows: we first review the relevant scientific literature for our study. Then we introduce our study design, including a detailed description of the simulator, TOR scenario, and treatments. Afterward, we present the results from this study and discuss their implications, as well as the study's limitations. We conclude with our suggestions for future research on the topic.
Related Work
This section structures the background of our study in three parts. We first explain the automation problem, which is found in many domains beyond automotive. Then, we outline existing strategies to improve take-over quality. We conclude with a review of interruption research, both based on the psychological literature and their effects during driving.
The Automation Problem
With an increasing level of automation, the manual performance on the task decreases. Issues include a reduced ability to detect problems, reduced situational awareness, and reduced ability for manual operation in case of system failure [4, 11] . The issue is not domain-specific: aviation research indicated already that pilots were not able to safely take over again from automation [4] ; pilots thus tended to deliberately switch to manual mode from time to time [39] .
Many studies have confirmed the issue as well for driving automation (e.g., [23, 33] ). Research has looked at the effects of different lead times [14] ; how different non-driving tasks affect take-over [32] ; and how the driving situation influences the driver [32] . Merat & Jamson [23] suggest that drivers trust the automation too much.
Improving Take-Over Quality
Previous research has looked at different ways to improve driving performance and situational awareness for take-overs, with strategies ranging from preventive driving measures, to TOR signals, non-driving task interventions. Frequent take-overs can improve quality [14, 21, 35] . Multimodal TOR signals proved beneficial compared unimodal signals [30, 31] . Information presentation closer to, or merged with the driving scene showed positive effects [18, 20] ; and using an IVIS for this is preferred as compared to handheld devices [41] . Closest to our study, Wulf et al. [40] permanently displayed the driving scene in one corner of the IVIS and could improve situational awareness, but not driving performance; Naujoks et al. [27] recommended, but did not study on interruption strategies to keep the driver in the loop.
Interruptions
The effects of task interruption are a well-studied phenomenon in the psychological literature, with both, potential benefits and shortcomings. Interrupting a task may prolong its duration (beyond the time of interruption), and increase task errors [3, 38] . The duration and cognitive demand of the interruption play into this, as well as the point in time of the task [3, [24] [25] [26] . And while a task is unfinished, it may consume additional cognitive resources [42] . However, interruptions can also increase task performance and efficiency at the same level of quality [43] .
In manual driving research, interruptions likewise play an essential role in three distinct ways. First, the adverse effect of interruptions of the driving task by non-driving related, unsolicited events, especially from information and communication technology, spurred a whole study area into workload managers [15] . Similarly, second, the interrupted attention to the driving scene stemming from drivers voluntarily engaging in non-driving related tasks has been a focus in research, primarily pointing to the negative effects of different types of tasks (e.g., [19] ); they can, however, also have a positive effect on driving performance, if they, e.g., prevent underload [9, 13, 28, 29] . Third, and most important to our research, the effects of interrupting the non-driving related task have been studied, both with soft warnings and hard blockings of the user interface, and results indicated improvements in driving performance and behavioral changes in regard to the source of distraction [8, 22] .
Method
To test our hypotheses, we conducted a driving simulator experiment with 53 participants. Each of them performed two interruption-based treatments and a baseline while driving in automated mode on a highway. We measured driving performance during take-over, situational awareness, task performance, load, and user sentiment to compare the conditions.
Conditions
Participants performed a run for each of the three conditions in a counterbalanced design. During the baseline run, they engaged with the non-driving related task without any interventions. In the Scene condition, the non-driving task was interrupted every 30 s with a live view of the forward driving scene and the mirror views, which lasted for 3 s. In the Blank condition, the nondriving task was interrupted in the same intervals as in the Scene condition, but with the IVIS screen empty.
Driving Task & Track
The driving task took place on a straight, two-lane highway. The car drove with 120 km/h (~75mph) in automated mode. Traffic conditions were light to medium. Cars are only visible in the same direction, trees and bushes conceal the opposite lanes. Light and weather conditions were normal: it was daytime, and we did not apply any particular weather. The TOR came after about 4 min of the drive, to bring participants out-of-loop.
For the take-over, the current lane was obstructed with a construction site, which only became visible after a lead vehicle switched lanes. Participants had to switch lanes as well and could modulate the speed. The take-over request was emitted 7s before a collision with the construction site, and in both, visual and auditory form by the IVIS [31] .
We put several measures in place to prevent learning effects in the course of the three conditions. We used several highway courses that differed in exact traffic but used identical take-over scenarios for comparability. To prevent participants from detecting the take-over scenario prematurely, we, on the one hand, obstructed it as described with a lead vehicle, and on the other hand, we used several identical scenarios throughout the automated drive, which did not trigger a TOR; the number of these non-TOR obstacles also varied.
Non-Driving Task
We used two non-driving related (NDR) tasks for our study: a low-effort, passive task, and a cognitively demanding, active task, both displayed on an IVIS. For the passive task, we used movie watching (referred to as Movie), for which we played short cartoons without language (Tom & Jerry). The cartoons lasted about the duration of one drive; we used different ones for different drives and counterbalanced them to prevent potential effects from one specific cartoon. For the active task, we chose a mental rotation task called Little Man Task (LMT) [2] . In the LMT, a figure is displayed with a suitcase in either the left or right hand, and the figure is rotated around different axes. Subjects have to decide in which hand the suitcase is. Subjects either performed the LMT or Movie task (between-subject design).
Participants
Across both tasks, 53 people (12 female) participated in the study, with ages ranging from 19 to 33 (M = 22.5, SD = 2.96). We recruited participants from personal contacts, with flyers in the university building, and through announcements in lectures and student-focused online groups. Most participants had their driving license for several years, two had it for less than one year, three had it for 10-14 years (M = 4.5 years, Mdn = 4, SD = 2.82); estimated mileage per year ranged from a few kilometers up to 30,000 km (M = 6149 km, ~3821 miles; Mdn = 2500 km; SD = 7908). As compensation, they received snacks. Due to the between-subject design, 27 participants performed the LMT, and 26 the Movie task.
Apparatus
We used a high fidelity driving simulator with OpenDS 4.5 [1] (see Figure 1 ). The cockpit consists of a Mercedes dashboard. The car has an automatic transmission to ensure that there are no biases due to changing gear [36] . We used the original Mercedes steering wheel with the ClubSport Wheel Base V2 Servo and the ClubSport Pedals V3 from fanatec. The side and back mirrors were displayed in software. The projection system to display the driving scene consists of three projectors with a resolution of each 1280 x 1024 pixels. The images are edge-blended to provide a total horizontal view of 120° with a 6 m radius on a cylindrical screen with 45° to each other in front of the driver. The IVIS was a 9-inch tablet, which was mounted in common height in the center console in landscape format.
Measures
For driving performance, we measured participants' reaction time from the moment the TOR signal was triggered until they turned the steering wheel or pressed one of the foot pedals. For task performance, we compared correct and wrong answers in the LMT and used a post-study questionnaire with 7 questions regarding events from the movie. We gauged situational awareness with the SART questionnaire [34] . Finally, we inquired about participants' sentiment towards and load from the non-driving task and interruptions with the NASA-TLX [16] .
Procedure
Upon arrival, the experimenter greeted participants, and they filled out a demographic survey. The experimenter then explained the purpose of the study in more detail and introduced participants to the driving simulator. Participants took two sets of familiarization drives: one in a city track to get accustomed to the controls of the simulator, one in a highway situation similar to the study, to get used to the automated mode and to practice take-overs. We performed both until the participant felt comfortable with the controls, which usually took 5-10min. Afterward, the recorded part of the study began, with the identical procedure for each condition: participants drove with either one of the treatments, or in the baseline, and performed the take-over after about 4min of driving; after each drive, they filled out the NASA-TLX, SART, and movie questionnaire (the latter unless they were in the LMT group). After completing all three conditions, the experimenter briefly interviewed them about the experiment to get unstructured feedback and debriefed participants. The whole study took about 40min.
Results
As the two NDR tasks are very different, we look at them separately for each measure.
Driving Performance -Reaction Time

Movie
Task. For the Movie task, we observed significant differences in reaction time (see Figure 2 ). Participants reacted faster with both, Scene (M = 2.42, SD = 1.04) and Blank (M = 2.55, SD = .83) interruptions, as compared to the baseline (M = 2.72, SD = .95). The sample for baseline and Blank were normally distributed, while the sample for Scene was not. While a Friedman test of differences failed significance (χ 2 = 4.88, p = .08716), pairwise Wilcoxon one-tailed tests showed a significant difference between baseline and Scene (W = 226, p = .04516) and Scene and Blank (W = 247, p = .01095), but not for baseline and Blank (W = 189, p = .2454). We considered but ultimately did not remove two outliers, whose reaction time was slightly below and slightly above M + 3 * SD: it would have only affected the overall Friedman, bringing it to significance, while all pairwise tendencies remained the same. 4.1.2 LMT Task. For the LMT task, the reaction time did not show any significant differences (see Figure 2 ). While again, participants reacted faster with Scene (M = 2.44, SD = .6) and Blank (M = 2.47, SD = .77) interruptions as compared to the baseline (M = 2.6, SD = .78), neither a Friedman test of differences (χ 2 = 1.1852, p = .5529), nor pairwise Wilcoxon one-tailed tests for Scene and baseline (W = 239, p = .1193), Blank and baseline (W = 210, p = .3138), or Scene and Blank (W = 197, p = .4297) showed significance. In this task, outliers were much less pronounced than for the Movie task, and showed no reason for removal.
Situational Awareness -SART
The results of the SART showed a very significant difference overall, and for several dimensions of the questionnaire. As all samples showed non-normal distribution, we performed only non-parametric tests. For the overall score, Scene interruptions produced very significantly higher values than the baseline (p < 0.001) and Blank interruptions (p = 0.0002), while the difference between baseline and Blank was not significant (p = 0.14). Similarly, looking at the separate dimensions of the SART, subjects rated the complexity of the situation close to significantly lower with Scene interruptions, as compared to both, the baseline (W = 329, p = .05207), and Blank (W = 166, p = 0.08074). Arousal was also significantly higher for Scene interruptions compared to the baseline (W = 289.5, p = 0.02075), and close to significantly higher compared to the Blank condition (W = 471.5, p = 0.06857). Subjects rated the concentration of attention significantly higher in the Scene condition than for the baseline (W = 173.5, p = 0.0005733), and for Blank interruptions (W = 486.5, p = 0.01986). The division of attention, similarly, showed significantly higher responses for the Scene condition compared to the baseline (W = 129.5, p = 0.001099) and the Blank condition (W = 129.5, p = 0.001099). Participants rated the information quality significantly higher for Scene interruptions than for the baseline (W = 129, p = 3.901e-07), and also compared to Blank interruptions (W = 922, p = 6.946e-05).
Task Performance -Error Rate
Movie Task.
There was no significant difference in the ratio of wrong answers between conditions, but within the two treatments in relation to the interruption. All wrong answer ratios were non-normally distributed.
A Friedman test showed no significant difference between conditions (χ 2 = .38235, p = .826). Pairwise one-tailed comparisons between baseline (M = .15, SD = .15) and Scene (M = .13, SD = .13) did not show a significant difference (W = 82.5, p = .2286), neither did the difference between baseline and Blank (M = .16, SD = .17; W = 53, p = .3472), or between the two treatments (W = 86, p = .1764).
For different points of interruptions, there was a significant difference in the wrong answer ratio. The ratio was significantly higher for questions concerning events right after an interruption (M = 0.21, SD = .29) as compared to events between (M = 0.09, SD = .19; W = 78, p = .004874), or before interruptions (M = .15, SD = .2; W = 165, p = .03123). There was also a significant difference for events before and between interruptions (W = 196, p = .03744).
LMT Task.
For the LMT task, there was a significant effect between conditions in the pairwise one-tailed comparison. The baseline produced a significantly higher wrong answer ratio (M = 0.03, SD = .03) than the Scene condition (M = 0.02, SD = .03; W = 229, p = .03788), and close to significantly higher ratio compared to the Blank condition (M = .02, SD = .02; W = 190, p = .05863). There was no significant difference between the two treatments (W = 130, p = .4098).
Task Load -NASA-TLX
As most samples were non-normally distributed for Movie, we only performed non-parametric tests, with pairwise one-tailed comparisons. Table 1 ), there was a significant difference between conditions in terms of load, according to the NASA-TLX (Friedman χ 2 = 6.4272, p = .04021). The baseline load is significantly smaller than the overall load in Scene (Wilcoxon W = 84.5, p = .0185) and in Blank (W = 103.5, p = .03468); there was no significant difference between Scene and Blank (W = 160.5, p = .3563). For the single dimensions of the NASA-TLX, the baseline results were consistently smaller than either of the treatments. However, the difference was only significant (or close to it) for the demand dimensions, with no significant difference between the two treatments ever. Mental demand during the baseline was close to significantly smaller than with Scene interruptions (W = 80.5, p = .06908), and significantly smaller than with Blank interruptions (W = 103.5, p = .03468; Blank vs. Scene W = 160.5, p = .3563). Physical demand during the baseline was close to significantly smaller than with Scene (W = 15.5, p = .06323), and significantly smaller than with Blank interruptions (W = 6, p = .01483; Blank vs. Scene W = 20.5, p = .4282). Temporal demand during the baseline was significantly smaller than with Scene (W = 43.5, p = .01977), and with Blank interruptions (W = 73, p = .0237; Blank vs. Scene W = 89.5, p = .4391). Pairwise comparisons between the three conditions did not show significant differences for performance, effort, and frustration. Table 1 ), the baseline drive produced a significantly higher load than Scene (t(26) = 1.868, p = .03654) and Blank interruptions; the separate dimensions of the NASA-TLX showed similar results, not all of them significant. Two third of the samples were normally distributed, one third was non-normally distributed. Consequently, we performed both, parametric and nonparametric tests; as tendencies always state the same, we report only parametric results. Pairwise comparisons showed significant differences in mental demand, effort, and frustration. While there was no significant difference for mental demand between baseline and Scene interruptions (t(26) = -0.24734, p = .5967), the difference was close to significant between baseline and Blank interruptions (t(26) = 1.4413, p = .08072; closer with non-parametric tests: W = 177, p = .0518), and significant between Blank and Scene interruptions (t(26) = 1.9211, p = 0.03287). For the effort dimension, there was again no significant difference between baseline and Scene (t(26) = .1751, p = .4312), while there was a significant difference between baseline and Blank (t(26) = 2.2104, p = .01804), and between Blank and Scene (t(26) = 1.9578, p = .03053). In terms of frustration, there was a Table 1 . Descriptive results of the NASA-TLX dimensions for each condition, separated by task (Movie, LMT). The left value in bold font weight indicates the mean, the right value in regular font weight indicates the standard deviation. significant difference between baseline and Scene (t(26) = 2.0349, p = .02609), as well as between baseline and Blank (t(26) = 1.7666, p = 0.04452), but not between Blank and Scene (t(26) = -0.4156, p = .3406). When comparing the two different tasks, the LMT task showed consistently higher means than the Movie task, except for the performance and frustration dimensions. Differences for performance were not significant. For frustration, there was a significant difference between the baselines of Movie and LMT (W = 476.5, p = 0.01274), but not significant difference for Scene (W = 388, p = .257) or Blank (W = 418, p = .1172).
Movie Task. For the Movie task (see the top of
LMT Task. For the LMT task (see the bottom of
Discussion
Driving Performance
Benefitting from the interruptions, our participants showed improved reaction times in every setting, confirming H1. This result, however, was only significant for the low-effort, passive Movie task with Scene interruptions. We hypothesize that, on the one hand, the Movie task was more prone to attentional degradation, while the LMT task generally kept people more alert, resulting in higher effects for the Movie task. And, on the other hand, the improved results from Blank to Scene interruptions indicate that the interruption alone might not be enough, but it is the re-attachment of the subject to the driving scene that matters.
Situational Awareness
Results for the situational awareness based on the self-reported SART dimensions indicated a strong contrast for Scene interruptions compared to the other two conditions, partly confirming H2. Most of these differences were of a positive nature, like a reduced complexity of the situation, heightened concentration, and, most importantly a higher quality of information. They also, however, indicated undesired side effects, like a higher division of attention.
Task Performance
For the Movie task, there was no significant difference between conditions, i.e., at a minimum, our interventions did not negatively impact task performance, contributing to our assumptions in H3. However, both treatments seem to have affected participants' receptivity immediately after the interruption, as questions about this part showed significantly more errors. We assume that subjects' focus on the task was removed momentarily due to the interruptions, indicating a resumption lag [24] . Especially the Scene condition may have created additional switching costs, as people kept processing what they saw. Our results also indicate a positive effect from the interruptions, as questions about events in between the 30speriod between interruptions showed the most correct answers. Presumably, the interruptions rebooted their focus on the task, after the initial lag.
For the LMT task, the interruptions impacted performance even in a positive way. Since performing the LMT over several minutes can be straining, we assume that interruptions presented an opportunity for participants to rest for a moment and refocus. This result was further corroborated by the results of the NASA-TLX, which indicated positive effects in several dimensions and overall with interruptions.
Task Load
For both tasks, the interruptions had a significant effect on participants' subjective task load -results were opposed, however, depending on the task, providing a more reflected view on our assumptions in H3. For the low-effort Movie task, the interruptions created a significant increase in load, as they constituted a potentially undesired disruption of the otherwise passive and monotonous watching activity. From this perspective, it is understandable that participants reported a significantly higher mental and temporal demand with interruptions. However, for Movie subjects, there also seemed to be a negative bias towards the two treatments, as both also showed a significant increase in physical demand, and the treatments involved absolutely no manual intervention. In light of this, it is particularly noteworthy that still, there was no significant difference in the reported effort or frustration with interruptions.
In contrast to this, interruptions helped to reduce the load of the cognitively demanding LMT. In this setup, however, only Blank interruptions showed a significant reduction in mental demand and effort. We hypothesize that Scene interruptions, which, in theory, constitute a break from the LMT, still kept demands high, as participants had to process the complex driving scene instead. Nonetheless, both types of interruptions reduced frustration levels significantly. Interestingly, this is almost the only dimension, in which the NASA-TLX did not indicate much higher values for the LMT: while there still was a significant effect of the LMT on the baseline as compared to the Movie task, the interruptions seemed to balance out the level of frustration for participants.
Limitations
While the experimental setup proved complex, which opened up many avenues for smaller errors, one rather large limitation is our homogenous sample. Most participants were in their twenties, with a few subjects just before or after this; most of them had a university background, and we also assume a high affinity for technology. Ultimately, driving automation and strategies to remedy its adverse side effects need to cater to all demographics, independent of age, level of education and other limiting factors.
The practical applicability of the introduced interruptions is also in question. On first sight, they seem like a frequent annoyance, interrupting the non-driving task that the user wants to engage with. Results indicate, however, that for certain types of tasks, e.g., fast-paced, cognitively demanding tasks, they might constitute a welcome alternative and showed many positive effects in our study. In the end, the only other option might be frequent take-overs of control [21, 35] -and in comparison, we would argue that our introduced interruptions are less disrupting and for many people the preferred alternative.
Lastly, regarding our measures and results, effects during real-world driving might differ. We would assume people to be more alert in the real world, resulting in, e.g., faster reaction times under all conditions. Since we primarily look at differences between conditions, not absolute numbers, we still consider our results to be robust. Similarly, self-reported measures like the NASA-TLX and SART may leave additional room for error and experimenter's bias. The NASA-TLX questionnaire is the defacto standard to measure cognitive load in many research areas and has been used for decades. For situational awareness, we considered more objective measures, like the SAGAT (Situation Awareness Global Assessment Technique) [10] , but ultimately decided against it, as it would have meant active and frequent interventions into our study procedure, which might have counter-acted the out-of-loop problem and affected our results, while the SART is performed ex-post; its results were also very significant.
Conclusion & Future Work
In this paper, we report on a study that aims to improve takeover quality in semi-automated driving by interrupting the nondriving task frequently with either a blank screen or a combination of different views from the driving scene. Results indicate an improved take-over in terms of reaction time (H1), when a low-effort, passive task was interrupted by the driving scene. This type of interruptions also improved subjects' reported situational awareness (H2), while not affecting task performance unfavorably (H3); they can have positive effects on the task as well. With this study, we demonstrate new ways to improve the take-over problem in practice. Especially, interrupting IVIS tasks with the driving scene from time to time may represent a less obtrusive way to keep drivers in the loop during semi-autonomous driving, than frequent take-overs [21, 35] .
Going forward, we still aim to gain more insights from the current study. As with many experiments, we collected a large amount of data and see more opportunities for analyses. First, we will consider additional measures to evaluate differences in the driving performance between conditions. Second, the LMT task alone produced a plethora of data points, which will help us investigate task performance in more detail. And third, we have more qualitative records from the study, from which we plan to formulate new hypotheses for future studies.
In this regard, we can already anticipate additional value in different forms of presenting the interruptions and different forms of their content. While our study did not suggest that the current form of intervention was completely rejected by participants, any widely successful solution benefits from a high user acceptance. Similarly, evaluating these treatments in different TOR scenarios, and especially investigating potential relationships between scenario and type of treatment seem valuable next steps in this line of research.
